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Preface 



Filters play important roles in many RF/microwave applications. Emerging applica- 
tions such as wireless communications continue to challenge RF/microwave filters 
with ever more stringent requirements — higher performance, smaller size, lighter 
weight, and lower cost. The recent advances in novel materials and fabrication tech- 
nologies, including high-temperature superconductors (FITS), low-temperature 
cofired ceramics (LTCC), monolithic microwave integrated circuits (MMIC), mi- 
croelectromechanic system (MEMS), and micromachining technology, have stimu- 
lated the rapid development of new microstrip and other filters for RF/microwave 
applications. In the meantime, advances in computer-aided design (CAD) tools 
such as full-wave electromagnetic (EM) simulators have revolutionized filter de- 
sign. Many novel microstrip filters with advanced filtering characteristics have been 
demonstrated. However, up until now there has not been a single book dedicated to 
this subject. 

Microstrip Filters for RF/Microwave Applications offers a unique and compre- 
hensive treatment of RF/microwave filters based on the microstrip structure, provid- 
ing a link to applications of computer-aided design tools and advanced materials 
and technologies. Many novel and sophisticated filters using computer-aided design 
are discussed, from basic concepts to practical realizations. The book is self-con- 
tained — it is not only a valuable design resource but also a handy reference for stu- 
dents, researchers, and engineers in microwave engineering. It can also be used for 
RF/microwave education. 

The outstanding features of this book include discussion of many novel mi- 
crostrip filter configurations with advanced filtering characteristics, new design 
techniques, and methods for filter miniaturization. The book emphasizes computer 
analysis and synthesis and full-wave electromagnetic (EM) simulation through a 
large number of design examples. Applications of commercially available software 
are demonstrated. Commercial applications are included as are design theories and 
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methodologies, which are not only for microstrip filters, but also directly applicable 
to other types of filters, such as waveguide and other transmission line filters. 
Therefore, this book is more than just a text on microstrip filters. 

Much of work described herein has resulted from the authors’ research. The au- 
thors wish to acknowledge the financial support of the UK EPSRC and the Euro- 
pean Commission through the Advanced Communications Technologies and Ser- 
vices (ACTS) program. They would also like to acknowledge their national and 
international collaborators, including Professor Heinz Chaloupka at Wuppertal Uni- 
versity (Germany), Robert Greed at Marconi Research Center (U.K.), Dr. Jean- 
Claude Mage at Thomson-CSF/CNRS (France), and Dieter Jedamzik, formerly 
with GEC-Marconi Materials Technology (U.K.). 

The authors are indebted to many researchers for their published works, which 
were rich sources of reference. Their sincere gratitude extends to the Editor of the 
Wiley Series in Microwave and Optical Engineering, Professor Kai Chang; the Ex- 
ecutive Editor of Wiley-Interscience, George Telecki; and the reviewers for their 
support in writing the book. The help provided by Cassie Craig and other members 
of the staff at Wiley is most appreciated. The authors also wish to thank their col- 
leagues at the University of Birmingham, including Professor Peter Hall, Dr. Fred 
Huang, Dr. Adrian Porch, and Dr. Peter Gardener. 

In addition, Jia-Sheng Hong would like to thank Professor John Allen at the Uni- 
versity of Oxford (U.K.), Professor Werner Wiesbeck at Kalsruhe University (Ger- 
many), and Dr. Nicholas Edwards at British Telecom (U.K.) for their many years of 
support and friendship. Professor Joseph Helszajn at Heriot-Watt University (U.K.), 
who sent his own book on filters to Jia-Sheng Hong, is also acknowledged. 

Finally, Jia-Sheng Hong would like to express his deep appreciation to his wife, 
Kai, and his son, Haide, for their tolerance and support, which allowed him to write 
the book at home over many evenings, weekends, and holidays. In particular, with- 
out the help of Kai, completing this book on time would not have been possible. 
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Gradient-based optimization, 288 
Grounding, 134 
Group delay, 30, 261 

equalization, 353. See also All-pass network 
equalizers, 37 
response(s), 30, 419 

self-equalization, 326. See also Advanced 
RF/microwave filters 
variation, 287 
Guided wavelength, 80 
Guided- wave media, 77 
g-values, 40 

Hairpin-comb filter, 200. See also Bandpass 
filters 

Hairpin resonator, 129. See also Compact filters 

Half- wavelength line resonators, 100, 127 

Harmonic generation, 199 

Harmonic pass bands, 165 

Heat lift, 435 

Heat load, 435 

Heating, 202 

HEMT (high electron mobility transistor), 22 1 
Hermetic package, 224 
Hessian matrix, 289 
High- and low-impedance lines, 110 
High dielectric constant substrates, 426. See also 
Compact filters, LTCC filters 
High temperature superconductors (HTS), 191 
High volume production, 273 
High-capacity communication systems, 353 
Higher-order modes, 84 



High-impedance line(s), 97, 1 17 
Highpass 

filters, 161-169 
transformation, 5 1 
High-power applications, 201 
High-temperature cofired ceramics (HTCC), 224 
Housing loss, 83 
Housing Q, 104 
HTS 

films, 192 

microstrip filters, 200-204 
microstrip dup lexers, 436 
subsystems, 433 
thin films, 200 
Hurwitz polynomial, 3 1 
Hybrids, 438 

I/O coupling structures, 258 
Ideal admittance inverter, 55 
Ideal impedance inverters, 55 
Identity matrix, 243 

Immittance, see also Admittance, Impeadance 
inverter(s), 54, 170 
inverter parameters, 56 
Impedance 

inverter(s), 54, 255 
matching, 10 
matrix, 237 
scaling, 49 
Implants, 222 
Impurity, 199 
Incident waves, 8 
Incident wave power, 8 
Induced voltages, 278 
Inductance, 110 
Inductive line, 1 90 
Infrared, 1 

Initial conditions, 278 
Initial values, 300 
Input impedance, 10, 12 
Input/output (I/O), 134 
Insertion loss, 9 
response, 30 

Integral equation (boundary-element) method 
(IE/BEM), 279 
Integrated circuit (IC), 211 
Interdigital bandpass filter, 133, 309. See also 
Bandpass filters, Pseudointerdigital 
bandpass filter 

Interdigital capacitor(s), 94, 96, 163, 216 
Interference 
rejection, 434 
suppression, 205 
Intermodulation, 199 
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Interpolation, 125 
Intrinsic resistance, 191 
Ion-milling, 200 
Ions, 205 
Isolation, 444 

./-inverters, 56, 122 

K-connectors, 435 
/^-inverters, 55 
Kuroda identities, 66, 178 

Ladder line 

filters, 379. See also Compact filters 
resonator, 381 
Ladder structure, 320 
Ladder-type lowpass prototype, 122 
Lamination, 224 

Lanthanum aluminate (LaA103 or LAO), 199 
Laser ablation, 206 
Layout, 112. See also Filters 
L-C ladder type, 1 10 
Least /?th approximation, 287 
Least square objective function, 287 
Lift-off process, 201 
Lightening protection, 436 
Linear circuit simulator, 274 
Linear distortion, 326 
Linear phase, see also Group delay 
bandpass filters, 355 
filters, 350 
response, 353 

Linear simulation(s), 274-275 
Liquid nitrogen, 1 92, 444 
Lithographic patterning, 2 1 1 
Local minimum, 286 
London penetration depth, 1 94 
Loop, see also Coupled resonator circuits 
current, 236 
equations, 236 
inductors, 216 

Loss tangent(s), 83, 205, 207 
Lossless network, 1 1 
Lossless passive network, 1 0, 22 
Lossy capacitor, 70 
Lossy elements, 69 
Lossy inductor, 70 
Lossy resonators, 70 
Low cost, 273 

Low noise amplifiers (LNAs), 434 
Low-impedance line(s), 97, 117 
Lowpass 
filters, 109 

prototype (s), 29, 109, 161, 317 



prototype filter, 38, 332 
transformation, 49 

Low-temperature cofired ceramic (LTCC), 224 
L-shape resonators, 1 74 
LTCC 
filters, 225 
materials, 225 

Lumped inductors and capacitors, 93 
Lumped L-C elements, 113 
Lumped resonators, 57 
Lumped-element 

immittance inverters, 6 1 
microwave filters, 420 
resonators, 100 

Magesium oxide (MgO), 199 
Magnetic aperture coupling, 4 1 8 
Magnetic coupling, 245, 324 
coefficient, 249, 255 
Magnetic loss, 83 
Magnetic substrates, 83 
Magnetic wall, 85, 247 
Mass production, 199 
Materials, 191 

Maximally flat group delay, 36. See also Group 
delay 

Maximally flat stopband, 32 
Maximization problem, 285 
Maxwell’s equations, 279 
Meander open-loop resonators, 201, 389 
Mechanical structures, 211 
Membrane-based circuits, 213 
MEMS, 211 
Mesh sizes, 279 

Metal-insulator-metal (MIM) capacitor, 94 

Metallic enclosure, 84 

Metallization, 210 

Metallized cavity, 212 

Metals, 2 1 1 

Method of moments (MoM), 279 
Microelectromechanical system (MEMS), 211 
Micromachined bandpass filter, 213 
Micromachined filters, 21 1, 235 
Microstrip 

bandpass filter, 121-158, 277 
bandstop filter(s), 168-190, 441 
components, 93 
CT filters, 340 
discontinuities, 89 
dual-mode resonators, 404 
extracted pole bandpass filters, 368 
gap(s), 124 

highpass filter, 161-168 
lines, 77 




INDEX 467 



losses, 83 

lowpass filters, 109-121 
realization, 1 14 
resonator(s), 57, 100 
structure, 77 
Microstructures, 211 
Microwave(s), 1 
cavities, 57 

integrated circuits (MICs), 215 
materials, 197 
network, 7 

Midband frequency, 121 
Millimeter-waves, 1 
MIM capacitor, 96 

Miniaturized hairpin resonator, 392. See also 
Compact filters 
Minimax approximation, 287 
Minimax formulation, 287 
Minimization problem, 285 
Minimum phase two-port network, 350 
Mixed coupling coefficient, 251, 257 
Mixed coupling structures, 267 
MMIC 
filter(s), 215 
technology, 2 1 5 

Monolithic microwave integrated circuits 
(MMICs), 215 
Multi-chip modules, 428 
Multilayer filters, 410. See also Compact filters 
Multilayered microstrip, 104 
Multi-mode networks, 26 
Multiplayer, 224 

Multiple coupled resonator filters, 299 
Multiplexers, 204 
Multi-port networks, 2 1 
Mutual capacitance, 69, 240 
Mutual inductance, 69, 236 

Narrow-band 

approximation, 238 
bandstop filters, 168 
multilayer Filters, 412 
Natural frequencies, 30 
Natural resonance, 252, 254, 256 
Natural resonant frequencies, 25 1 
Negative coupling, 258 
Negative electrical lengths, 123 
Negative polarity, 353 
Negative resistance, 219 
Negative resistor, 219 
Neper frequency, 30 
Nepers per unit length, 83 
Network 
analysis, 7 



connections, 14 
identities, 66 

parameter conversions, 17 
variables, 7 
Neurons, 284 

Newton-Raphson method, 290 
Node, see also Coupled resonator circuits 
equations, 240 
voltage, 240 
Noise figure, 435 
Nonadjacent resonators, 317 
Nonlinearity, 197, 202 
Non-minimum phase network, 350 
Non-perfect conducting walls, 453 
Nontrivial solution, 395 
Normalized impedance matrix, 237 
Normalized impedances/admittances, 21 
Normalized parameters, 361 
Normalized reactance slope parameter, 173 
Normalized susceptance slope parameter, 174 
Numerical methods, 279 

Objective function(s), 285, 286, 299 
Octagon-shape resonators, 204 
Odd mode, 84, 278. See also Even-mode 
excitation, 136 
networks, 20 
Odd-excitation, 18 
Ohmic contact, 2 1 0 
One-dimensional optimization, 288 
One-port networks, 14 
Open-circuit 
impedance, 11 
stub(s), 64, 98, 112, 154 
Open-end effect, 113 
Open-ends, 9 1 

Open-loop resonator(s), 100, 326 
Optimization, 285 
algorithm, 299 
design, 310 
process, 286 

Optimization-based filter synthesis, 299 
Optimizers, 274 
Optimum bandstop filters, 1 82 
Optimum design parameters, 300 
Optimum distributed highpass filters, 165 
Optimum transfer function, 1 82 
Oscillators, 188 

Other types of microstrip lines, 104 

Parallel plate capacitance, 85 
Parallel connection, 14 
Parallel-coupled microstrip bandpass filters, 
127 
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Parameter-extraction, 130 
Passband ripple, 32 
Patch resonators, 100 
Patch, 204 

PBG microstrip filters, 222 

Peak magnetic field, 198 

Penetration depth, 193 

Periodic frequency response, 64 

Periodic structures, 22 1 

Periodically loaded transmission line, 395 

Permeability, 77 

Permittivity tensor, 390 

Permittivity, 77, 197 

Personal communication system (PCS), 435 
Personal communications, 200 
Perturbations, 406 

Phase delay, 9. See also Group delay 

Phase linearity, 353 

Phase response, 30 

Phase shifter(s), 361, 371, 439 

Phase transitions, 205 

Phase velocity, 80. See also Slow-wave 

Phases, 9 

Photolithography, 200 

Photonic bandgap (PBG), 22 1 

Photoresist, 2 1 1 

Physical dimensions, 286 

7r-mode impedances, 136 

ir-network, 124 

Plastics, 21 1 

Polarization, 205 

Pole locations, 33 

Poles and zeros, 30 

Pole-zero patterns, 3 1 

Polygon-shape, 204 

Polyimide, 215 

Polymethyl methacrylate, 2 1 1 

Polynomials, 30 

Portable telephone, 226 

Positive coupling, 258 

Potassium hydroxide (KOH), 213 

Powell’s method, 291 

Power 

consumption, 205 
handling, 100,201 
conservation, 10 
p- plane, 30 

Preselect bandpass filters, 433, 446 
Preselect filter, 201 
Propagation constant, 80 
Pseudo highpass filters, 165. See also Highpass 
filters 

Pseudocombline filter, 148, 200. See also 
Combline 



Pseudointerdigital bandpass filter, 279. See also 
Interdigital bandpass filter 
Pseudointerdigital line filters, 383 
Pseudointerdigital resonators, 385 
Pulse tube coolers, 435 
Pure TEM mode, 212 

0-factor, 96 
enhancement, 218 
Quadrantal symmetry, 351 
Quality of service (QoS), 434 
Quarter guided- wavelength, 114 
Quarter-wavelength 
line, 6 1 

resonators, 100 
Quasi-elliptic function 
filter, 299, 446 
response, 20 1 

Quasi-lumped elements, 97, 161 
resonators, 100 

Quasi-lumped highpass filters, 161. See also 
Compact filters 
Quasi-static analysis, 78 
Quasi-TEM approximation, 78 
Quasi-TEM-mode, 133 
Q- values, 73 

Radar systems, 205 
Radial stubs, 188 
Radian frequency variable, 29 
Radiation loss, 83 
Radiation Q, 104 
Radio coverage, 433 
Rational function, 351 
Reactance slope parameters, 172 
Reactance slope, 58 
Reactances, 57 

Reactive-ion etching (RIE), 2 1 1 
Receive (Rx) band, 436 
Reciprocal matrix, 244 
Reciprocal network(s), 10, 11, 12, 22 
Reconfiguration, 210 
Recursive filter, 218 
Redundant unit elements, 1 82 
Reflected wave power, 8 
Reflected waves, 8 
Reflection coefficients, 9 
Residue, 363 

Resonant frequencies, 117 
Resonant structures, 57. See also Bandpass 
filters, Bandstop filters 
Return loss response, 30 
Return loss, 9 
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breakdown, 20 1 
chokes, 188 
components, 435 
modules, 433 

RF/microwave structures, 279 
RF/thermal link, 435 
Richards transform variable, 1 82 
Richards variable, 62 
Richards’s transformation, 61 
Right-half plane zeros, 350 
Ring resonator, 1 00 
Ripple constant, 32 
r-plane sapphire substrate, 390 
RT/Duroid substrates, 307 
Rx port, 444 

S matrix, 9 
S parameters, 8 
Sapphire (A1 2 0 3 ), 199 
Scaled external quality factors, 238 
Scattering matrix, 9 
Scattering Parameters, 8 
Scattering transfer matrices, 27 
Scattering transmission or transfer parameters, 27 
Second pass band, 134. See also Bandpass filters 
Secure communications, 205 
Selective filters, 315. See also Advanced 
RF/microwave filters 
Selective linear phase response, 373 
Selectivity, 433 

Self- and mutual capacitances per unit length, 

135 

Self-capacitance, 69 
Self-inductance, 69 
Sensitivity analysis, 448 
Sensitivity, 433 
Series connection, 14 
Series inductors, 1 14 
Series-resonant shunt branch, 370 
Short line sections, 97 
Short-circuit 
admittance, 11 
stub, 64, 66, 98, 163 
Shunt capacitors, 1 14 
Shunt short-circuited stubs, 1 5 1 
Si substrate, 215 
Sign of coupling, 258 
Signal delay, 10 
Signal jamming, 205 
Silicon 

substrates, 2 1 1 
wafers, 213 
Single chip, 216 



Single crystal, 206 

Single mode, 26 

Singly Loaded Resonator, 259 

Skin depth, 194 

Slow- wave 

open-loop resonator filters, 396 
propagation, 379 
resonators, 392 
Software defined radio, 326 
Software, 274 
Source or generator, 7 
Spacing mapping (SM), 295 
Spiral inductor, 94 

Spurious passband, 392. See also Distributed 
filter 

Spurious resonance, 396 
Spurious response, 134 
Spurious stop bands, 178 
Spurious-free frequency bands, 420 
Sputtering, 2 1 1 

Square and meander loops, 100. See also 
Compact filters 
Standing wave, 393 
Steepest descent method, 290 
Stepped impedance 
resonators, 392 
lowpass, 109 

microstrip lowpass filter, 275 
Steps in width, 89 
Stirling cycle cooler, 435 
Stored energy, 244 
Straight-line inductor, 95 
Stray couplings, 311 
Stripline, 211 
Strontium titanate, 205 
Stub bandpass filters, 151. See also Bandpass 
filters 

Subnetworks, 14, 276 
Substrates, 199 
Superconducting 
filters, 191 
materials, 191 
Superconductors, 83, 192 
Superposition, 25 1 
Surface 

impedance, 194 
micromachining, 2 1 1 
reactance, 195 
resistance conductivity, 83 
resistance, 195 
wave, 84 

Susceptance, 57, 113 
Susceptance slope, 58 
parameter(s), 172, 334 
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Suspended and inverted microstrip lines, 1 04 
Suspended microstrip line, 216 
Symmetric coupled lines, 141 
Symmetrical interface, 1 8 
Symmetrical matrix, 22 
Symmetrical network, 10, 12, 20 
analysis, 18 

Synchronously tuned coupled-resonator circuits, 
245 

Synchronously tuned filter, 237 
Synthesis, see also Advanced RF/microwave 
filters 

example, 366 
procedure, 244 

Tabulated element values, 353. See also Element 
values 

Tandem couplers, 440 
Tapped line, 131, 324 
coupling, 258 
I/O, 134 

Taylor series expansion, 288 
Technologies, 191 
TEM wave, 77 
TEM-mode, 133 
Temperature 
coefficient, 213 
dependence, 195 
stability, 195, 426 
Terminal impedance(s), 7, 277 
Thallium barium calcium copper oxide 
(TBCCO), 192 
3-dB bandwidth, 172 
Theory of couplings, 244 
Thermal expansions, 199 
Thermal resistance, 435 
Thermodynamic properties, 205 
Thick film, 224 
Thin film, 1 96 

microstrip (TFM), 104 
Third-order intercept point (TOI or IP3), 203 
Third-order intermodulation (IMD), 203 
Thomson filters, 36 
Tolerance(s), 282, 448 
Topology matrix, 299 
Tower-mounted transceiver, 435 
/-plane, 62 
Trade-off, 355 

Transceiver DCS 1800 base stations, 433 
Transfer function (s), 29 
all-pass, 37 
amplitude squared, 29 
Butterworth, 3 1 
Chebyshev, 32 



CT filter, 328 
elliptic, 34 
Gaussian, 36 
linear phase filter, 350 
rational, 30 

single pair of transmission zero, 315 
Transfer matrix, 12, 17 
Transformers, 66 
Transition temperature, 192 
Transmission 

coefficients), 9, 277 
nulls, 201 
zeros, 317 
Transmission line 
elements, 61 
filter, 348 

inserted inverters, 341 
networks, 12 
Transmit (Tx) band, 436 
Transversal filter, 218 

Trisection, see also Cascaded trisection (CT) 
filters 
filters, 331 
filter design, 335 

Tubular lumped-element bandpass filter, 422. See 
also Compact filters 
Tunable capacitors, 210 
Tunable components, 210 
Tunable disk resonator, 210 
Tunable microstrip filters, 208 
Two-fluid model, 192 
Two-port network, 7 
Tx port, 444 

UE, 65 

UMTS filter, 302 
Uniform current distribution, 204 
Unit element(s), 65, 165, 182 
Unity immittance inverter, 371 
Universal mobile telecommunication system 
(UMTS), 302, 435 
Unloaded Q of an inductor, 96 
Unloaded quality factor, 69, 1 02 
Unwanted couplings, 282, 456 
Unwanted reactance and susceptance, 1 19 
Unwanted susceptance, 113 

Vacuum encapsulation, 435 
Valley microstrip, 104 
Velocity of light, 80 
Via grooves, 215 
Via hole(s), 134,213,217 
Via-hole grounding, 146 
Voltage and current variables, 7 
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Voltage law, 236 

Voltage standing wave ratio (VSWR), 9 

Wafers, 212 
Wave(s) 

in microstrip, 77 
impedance, 79 
variables, 8 
Waveguide 
cavities, 100 
filter(s), 2, 235 
Weighted error function, 286 
Weighting function, 286 
Weights, 285 



Wet chemical etching, 211 
Wide-band 

bandstop filters, 177, 182 
filters, 154 
multilayer filters, 4 1 1 

Y matrix, 1 1 

Y parameters, 1 1 
Yield, 216 

Yttrium barium copper oxide (YBCO), 192 

Z matrix, 1 1 
Z parameters, 1 1 
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CHAPTER 1 



Introduction 



The term microwaves may be used to describe electromagnetic (EM) waves with 
frequencies ranging from 300 MHz to 300 GHz, which correspond to wavelengths 
(in free space) from 1 m to 1 mm. The EM waves with frequencies above 30 GHz 
and up to 300 GHz are also called millimeter waves because their wavelengths are 
in the millimeter range (1-10 mm). Above the millimeter wave spectrum is the in- 
frared, which comprises electromagnetic waves with wavelengths between 1 pm 
( 1 0 6 m) and 1 mm. Beyond the infrared spectrum is the visible optical spectrum, 
the ultraviolet spectrum, and x-rays. Below the microwave frequency spectrum is 
the radio frequency (RF) spectrum. The frequency boundary between RF and mi- 
crowaves is somewhat arbitrary, depending on the particular technologies developed 
for the exploitation of that specific frequency range. Therefore, by extension, the 
RF/microwave applications can be referred to as communications, radar, navigation, 
radio astronomy, sensing, medical instrumentation, and others that explore the us- 
age of frequency spectrums in the range of, say, 300 kHz up to 300 GHz (Figure 
1.1). For convenience, some of these frequency spectrums are further divided into 
many frequency bands as indicated in Figure 1.1. 

Filters play important roles in many RF/microwave applications. They are used to 
separate or combine different frequencies. The electromagnetic spectrum is limited 
and has to be shared; filters are used to select or confine the RF/microwave signals 
within assigned spectral limits. Emerging applications such as wireless communica- 
tions continue to challenge RF/microwave filters with ever more stringent require- 
ments — higher performance, smaller size, lighter weight, and lower cost. Depending 
on the requirements and specifications, RF/microwave filters may be designed as 
lumped element or distributed element circuits; they may be realized in various trans- 
mission line structures, such as waveguide, coaxial line, and microstrip. 

The recent advance of novel materials and fabrication technologies, including 
monolithic microwave integrated circuit (MMIC), microelectromechanic system 
(MEMS), micromachining, high-temperature superconductor (HTS), and low-tem- 
perature cofired ceramics (LTCC), has stimulated the rapid development of new mi- 



1 





2 



INTRODUCTION 




-C 


CJ 








§ i 


k 




CD 


3 






CD 


cr 

u 












1 


£ 


/ Frequency 


Band 


1 mm — 




/ range 


designation 


300 GHz — 


/ 140-220 GHz 


G-band 






110-170 GHz 


D-band 


10 mm 




75-110 GHz 


W-band 


30 GHz - 


60-90 GHz 


E-band 






50-70 GHz 


V-band 






40-60 GHz 


U-band 


10 cm — 


3 GHz — 


33-50 GHz 


Q-band 






26.5-40 GHz 


Ka-band 






18-26.5 GHz 


K-band 


1 m - 


300 MHz- 


12.4-18 GHz 


Ku-band 




8-12.4 GHz 


X-band 






4-8 GHz 


C-band 


10 m — 


30 MHz— 


\ 2-4 GHz 

\ 1-2 GHz 


S-band 

L-band 






\ 300-3000 MHz 


UHF-band 


100 m- 
1 km— 


3 MHz- 


\ 30-300 MHz 


VHF-band 


300 kHz— 






1 


r 







FIGURE 1.1 RF/microwave spectrums. 



crostrip and other filters. In the meantime, advances in computer-aided design 
(CAD) tools such as full-wave electromagnetic (EM) simulators have revolution- 
ized filter design. Many novel microstrip filters with advanced filtering characteris- 
tics have been demonstrated. 

It is the main objective of this book to offer a unique and comprehensive treat- 
ment of RF/microwave filters based on the microstrip structure, providing a link to 
applications of computer-aided design tools, advanced materials, and technologies 
(see Figure 1 .2). However, it is not the intention of this book to include everything 
that has been published on microstrip filters; such a work would be out of scale in 
terms of space and knowledge involved. Moreover, design theories and methods de- 
scribed in the book are not only for microstrip filters but directly applicable to other 
types of filters, such as waveguide filters. 

Although the physical realization of filters at RF/microwave frequencies may 
vary, the circuit network topology is common to all. Therefore, the technique con- 
tent of the book begins with Chapter 2, which describes various network concepts 
and equations; theses are useful for the analysis of filter networks. Chapter 3 then 
introduces basic concepts and theories for design of general RF/microwave filters 
(including microstrip filters). The topics cover filter transfer functions (such as But- 
terworth, Chebyshev, elliptic function, all pass, and Gaussian response), lowpass 
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FIGURE 1.2 Microstrip filter linkage. 



prototype filters and elements, frequency and element transformations, immittance 
(impedance/admittance) inverters, Richards’ transformation, and Kuroda identities 
for distributed elements. Effects of dissipation and unloaded quality factors of filter 
elements on filter performance are also discussed. 

Chapter 4 summarizes basic concepts and design equations for microstrip lines, 
coupled microstrip lines, and discontinuities, as well as lumped and distributed 
components, which are useful for design of filters. In Chapter 5, conventional mi- 
crostrip lowpass and bandpass filters, such as stepped-impedance filters, open-stub 
filters, semilumped element filters, end- and parallel-coupled half-wavelength res- 
onator filters, hairpin-line filters, interdigital and combline filters, pseudocombline 
filters and stub-line filters, are discussed with instructive design examples. 

Chapter 6 discusses some typical microstrip highpass and bandstop filters. These 
include quasilumped element and optimum distributed highpass filters, narrow- 
band and wide-band bandstop filters, as well as filters for RF chokes. Design equa- 
tions, tables and examples are presented for easy references. 

The remaining chapters of the book deal with more advanced topics, starting 
with Chapter 7, which introduces some of advanced materials and technologies for 
RF/microwave filter applications. These include high-temperature superconductors 
(HTS), ferroelectrics, MEMS or micromachining, hybrid or monolithic microwave 
integrated circuits (MMIC), active filters, photonic bandgap (PBG) materials/struc- 
tures, and low-temperature cofired ceramics (LTCC). 
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Chapter 8 presents a comprehensive treatment of subjects regarding coupled res- 
onator circuits. These are of importance for design of RF/microwave filters, in par- 
ticular the narrow-band bandpass filters, which play a significant role in many ap- 
plications. There is a general technique for designing coupled resonator filters, 
which can be applied to any type of resonator despite its physical structure. For ex- 
ample, it can be applied to the design of waveguide filters, dielectric resonator fil- 
ters, ceramic combline filters, microstrip filters, superconducting filters, and micro- 
machined filters. This design method is based on coupling coefficients of 
intercoupled resonators and the external quality factors of the input and output res- 
onators. Since this design technique is so useful and flexible, it would be desirable 
to have a deep understanding not only of its approach, but also its theory. For this 
purpose, the subjects cover the formulation of the general coupling matrix, which is 
of importance for representing a wide range of coupled-resonator filter topologies, 
the general theory of couplings for establishing the relationship between the cou- 
pling coefficient and the physical structure of coupled resonators. This leads to a 
very useful formulation for extracting coupling coefficients from EM simulations 
or measurements. Formulations for extracting the external quality factors from fre- 
quency responses of the externally loaded input/output resonators are derived next. 
Numerical examples are followed to demonstrate how to use these formulations to 
extract coupling coefficients and external quality factors of microwave coupling 
structures for filter designs. 

Chapter 9 is concerned with computer-aided design (CAD). Generally speaking, 
any design that involves using computers may be called CAD. There have been ex- 
traordinary recent advances in CAD of RF/microwave circuits, particularly in full- 
wave electromagnetic (EM) simulations. They have been implemented both in com- 
mercial and specific in-house software and are being applied to microwave filter 
simulation, modeling, design, and validation. The developments in this area are cer- 
tainly being stimulated by increasing computer power. Another driving force for the 
developments is the requirement of CAD for low-cost and high-volume production. 
In general, besides the investment for tooling, materials and labor mainly affect the 
cost of filter production. Labor costs include those for design, fabrication, testing, 
and tuning. Here the costs for the design and tuning can be reduced greatly by using 
CAD, which can provide more accurate design with less design iterations, leading to 
first-pass or tuneless filters. This chapter discusses computer simulation and/or 
computer optimization. It summarizes some basic concepts and methods regarding 
filter design by CAD. Typical examples of the applications, including filter synthe- 
sis by optimization, are described. Many more CAD examples, particularly those 
based on full-wave EM simulation, can be found through this book. 

In Chapter 10, we discuss the designs of some advanced filters, including selec- 
tive filters with a single pair of transmission zeros, cascaded quadruplet (CQ) fil- 
ters, trisection and cascaded trisection (CT) filters, cross-coupled filters using 
transmission line inserted inverters, linear phase filters for group delay equaliza- 
tion, and extracted-pole filters. These types of filters, which are different from con- 
ventional Chebyshev filters, must meet the stringent requirements of RF/microwave 
systems, particularly wireless communications systems. 
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Chapter 1 1 is intended to describe novel concepts, methodologies, and designs 
for compact filters and filter miniaturization. The new types of filters discussed in- 
clude ladder line filters, pseudointerdigital line filters, compact open-loop and hair- 
pin resonator filters, slow-wave resonator filters, miniaturized dual-mode filters, 
multilayer filters, lumped-element filters, and filters using high-dielectric constant 
substrates. 

The final chapter of the book (Chapter 12) presents a case study of high-temper- 
ature superconducting (HTS) microstrip filters for cellular base station applications. 
The study starts with a brief discussion of typical HTS subsystems and RF modules 
that include HTS microstrip filters for cellular base stations. This is followed by 
more detailed descriptions of the developments of duplexers and preselect bandpass 
filters, including design, fabrications, and measurement. The work presented in this 
chapter has been carried out mainly for a European research project called Super- 
conducting Systems for Communications (SUCOMS), in which the authors have 
been involved. The objective of the project is to construct an HTS-based transceiver 
for mast-mounted DCS 1800 base stations, but it can be interfaced with the Global 
System for Mobile Communication or GSM- 1800 base station. It can also be modi- 
fied for other mobile communication systems such as the Personal Communication 
System (PCS) and the future Universal Mobile Telecommunication System 
(UMTS). 
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CHAPTER 2 



Network Analysis 



Filter networks are essential building elements in many areas of RF/microwave en- 
gineering. Such networks are used to select/reject or separate/combine signals at 
different frequencies in a host of RF/microwave systems and equipment. Although 
the physical realization of filters at RF/microwave frequencies may vary, the circuit 
network topology is common to all. 

At microwave frequencies, voltmeters and ammeters for the direct measurement 
of voltages and currents do not exist. For this reason, voltage and current, as a mea- 
sure of the level of electrical excitation of a network, do not play a primary role at 
microwave frequencies. On the other hand, it is useful to be able to describe the op- 
eration of a microwave network such as a filter in terms of voltages, currents, and 
impedances in order to make optimum use of low-frequency network concepts. 

It is the purpose of this chapter to describe various network concepts and provide 
equations that are useful for the analysis of filter networks. 



2.1 NETWORK VARIABLES 

Most RF/microwave filters and filter components can be represented by a two-port 
network, as shown in Figure 2.1, where V h V 2 and I 2 are the voltage and current 
variables at the ports 1 and 2, respectively, Z 01 and Z 02 are the terminal impedances, 
and E s is the source or generator voltage. Note that the voltage and current variables 
are complex amplitudes when we consider sinusoidal quantities. For example, a si- 
nusoidal voltage at port 1 is given by 

v i(0 = |Ri|cos(u>/+ <T) (2.1) 

We can then make the following transformations: 



v , (?) = |F 1 |cos(w? +</>) = Re(| V, \e j( " ,t+ ^) = Re(JV>") (2.2) 
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FIGURE 2.1 Two-port network showing network variables. 



where Re denotes "the real part of” the expression that follows it. Therefore, one 
can identify the complex amplitude V, defined by 



Vi = \VAe>+ 



(2.3) 



Because it is difficult to measure the voltage and current at microwave frequencies, 
the wave variables a u and a 2 , b 2 are introduced, with a indicating the incident 
waves and b the reflected waves. The relationships between the wave variables and 
the voltage and current variables are defined as 



K = VZoTa,, + b„) 



fan ^n) 



n = 1 and 2 



^ n \Zy 

V ^0 n 



or 



a n 2 (v^ +V ^ 7 ' 



n = 1 and 2 



The above definitions guarantee that the power at port n is 
P„ = e(V„-I*) = \(a„a* - b n b*) 



(2.4a) 



(2.4b) 



(2.5) 



where the asterisk denotes a conjugate quantity. It can be recognized that a„a*/2 is 
the incident wave power and b n b*!2 is the reflected wave power at port n. 



2.2 SCATTERING PARAMETERS 

The scattering or S parameters of a two-port network are defined in terms of the 
wave variables as 
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(2.6) 



where a n = 0 implies a perfect impedance match (no reflection from terminal im- 
pedance) at port n. These definitions may be written as 



~v 




~S n 


*^12 


a x 


b 2 _ 




_S 2 1 


S 22 


d 2 



where the matrix containing the S parameters is referred to as the scattering matrix 
or S matrix, which may simply be denoted by [5]. 

The parameters S n and ,S' 22 are also called the reflection coefficients, whereas 
S u and S 2i the transmission coefficients. These are the parameters directly mea- 
surable at microwave frequencies. The S parameters are in general complex, and it 
is convenient to express them in terms of amplitudes and phases, i.e., S„ m = 
\S m „\ eJ ^ mn for m, n= 1,2. Often their amplitudes are given in decibels (dB), which 
are defined as 



20 log|S m „| dB m, n= 1,2 



( 2 . 8 ) 



where the logarithm operation is base 10. This will be assumed through this book 
unless otherwise stated. For filter characterization, we may define two parameters: 



L a = -20 log|5,„„| dB m, n= 1, 2(m =f= n) 
L r = 20 log|SJ dB «=1,2 



(2.9) 



where L A denotes the insertion loss between ports n and m and L R represents the re- 
turn loss at port n. Instead of using the return loss, the voltage standing wave ratio 
VSWR may be used. The definition of VSWR is 



VSWR = 



1 + \S„„\ 

1 - \s„„\ 



(2.10) 



Whenever a signal is transmitted through a frequency-selective network such as a 
filter, some delay is introduced into the output signal in relation to the input signal. 
There are other two parameters that play role in characterizing filter performance 
related to this delay. The first one is the phase delay, defined by 

4>2l , 

t = seconds 

F u> 



(2.11) 
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where 0 21 is radians and co is in radians per second. Port 1 is the input port and 
port 2 is the output port. The phase delay is actually the time delay for a steady 
sinusoidal signal and is not necessarily the true signal delay because a steady si- 
nusoidal signal does not carry information; sometimes, it is also referred to as the 
carrier delay [5], The more important parameter is the group delay, defined by 

dch 2 1 

r d = — seconds (2.12) 

aco 



This represents the true signal (baseband signal) delay, and is also referred to as the 
envelope delay. 

In network analysis or synthesis, it may be desirable to express the reflection pa- 
rameter S n in terms of the terminal impedance Z 01 and the so-called input imped- 
ance Z inl = V\U\, which is the impedance looking into port 1 of the network. Such 
an expression can be deduced by evaluating .S', , in (2.6) in terms of the voltage and 
current variables using the relationships defined in (2.4b). This gives 



b i 

Sn = ~ 

a x 



lyVz^-VZo;/, 

v./Vz;, + Vz^/j 



(2.13) 



Replacing V l by Z inX l x results in the desired expression 
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n 



Zj n \ Zoi 

Zin 1 + Zoi 



Similarly, we can have 



S 2 2 



Zj,i2 ~ Zq 2 

Zi„ 2 + Z 02 



(2.14) 



(2.15) 



where Z,„ 2 = V 2 U 2 is the input impedance looking into port 2 of the network. Equa- 
tions (2.14) and (2.15) indicate the impedance matching of the network with respect 
to its terminal impedances. 

The S parameters have several properties that are useful for network analysis. For 
a reciprocal network S 12 = S 21 . If the network is symmetrical, an additional property, 
‘S'll = &22> holds. Flence, the symmetrical network is also reciprocal. For a lossless 
passive network the transmitting power and the reflected power must equal to the to- 
tal incident power. The mathematical statements of this power conservation condi- 
tion are 



5 2 i5*i + Sii^n 1 or |5 2 i| 2 + liSnl — 1 
5 i2 5f 2 + S 22 S* 22 = 1 or |S 12 | 2 + |S 22 | 2 = 1 



(2.16) 
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2.3 SHORT-CIRCUIT ADMITTANCE PARAMETERS 



The short-circuit admittance or Y parameters of a two-port network are defined as 



Y = — 
11 Vi 

I 2 

Y 2 l = — 
V\ 



^12 — 



h 



v 2 =o y 2 

Y 22 = — 
v 2 =o V 2 



(2.17) 



in which V„ = 0 implies a perfect short-circuit at port n. The definitions of the Y pa- 
rameters may also be written as 




(2.18) 



where the matrix containing the Y parameters is called the short-circuit admittance 
or simply Y matrix, and may be denoted by [7], For reciprocal networks Y u = Y 2l . In 
addition to this, if networks are symmetrical, Y n = Y 22 . For a lossless network, the Y 
parameters are all purely imaginary. 



2.4 OPEN-CIRCUIT IMPEDANCE PARAMETERS 



The open-circuit impedance or Z parameters of a two-port network are defined as 



Z 



li 



Vi 

h 



i 2 = o 



Zl2 



Yj_ 

h Iy = 0 



^2\ 




Zl2 



V2 

h 1 1=0 



(2.19) 



where /„ = 0 implies a perfect open-circuit at port n. These definitions can be writ- 
ten as 




(2.20) 



The matrix, which contains the Z parameters, is known as the open-circuit imped- 
ance or Z matrix and is denoted by [Z], For reciprocal networks, Z X2 = Z 21 . If net- 
works are symmetrical, Z 12 = Z 21 and Z n = Z 22 . For a lossless network, the Z para- 
meters are all purely imaginary. 

Inspecting (2.18) and (2.20), we immediately obtain an important relation 



[Z] = m- 1 



( 2 . 21 ) 
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2.5 ABCD PARAMETERS 



The ABCD parameters of a two-port network are give by 



A = 



n 

v 2 





i 2 = 0 




( 2 . 22 ) 



These parameters are actually defined in a set of linear equations in matrix notation 
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(2.23) 



where the matrix comprised of the ABCD parameters is called the ABCD matrix. 
Sometimes, it may also be referred to as the transfer or chain matrix. The ABCD pa- 
rameters have the following properties: 

AD - BC = 1 For a reciprocal network (2.24) 

A ~ D For a symmetrical network (2.25) 

If the network is lossless, then A and D will be purely real and B and C will be pure- 
ly imaginary. 

If the network in Figure 2.1 is turned around, then the transfer matrix defined in 
(2.23) becomes 



~ A 


b; 




D 


B~ 


.Q 


a. 




C 


A_ 



(2.26) 



where the parameters with t subscripts are for the network after being turned 
around, and the parameters without subscripts are for the network before being 
turned around (with its original orientation). In both cases, V l and are at the left 
terminal and V 2 and I 2 are at the right terminal. 

The ABCD parameters are very useful for analysis of a complex two-port net- 
work that may be divided into two or more cascaded subnetworks. Figure 2.2 gives 
the ABCD parameters of some useful two-port networks. 



2.6 TRANSMISSION LINE NETWORKS 

Since V 2 = -/ 2 Z 02 , the input impedance of the two-port network in Figure 2.1 is giv- 
en by 
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FIGURE 2.2 Some useful two-port networks and their ABCD parameters. 






V i Z 02 A + B 

B Z 02 C + D 



(2.27) 



Substituting the ABCD parameters for the transmission line network given in Figure 
2.2 into (2.27) leads to a very useful equation 




Z 02 + Z c tanh y 1 
c Z c + Z 02 tanh yl 



(2.28) 










